Abstract. Day-time Pc 3-4 ($5±60 mHz) and nighttime Pi 2 ($5±20 mHz) ULF waves propagating down through the ionosphere can cause oscillations in the Doppler shift of HF radio transmissions that are correlated with the magnetic pulsations recorded on the ground. In order to examine properties of these correlated signals, we conducted a joint HF Doppler/ magnetometer experiment for two six-month intervals at a location near L = 1.8. The magnetic pulsations were best correlated with ionospheric oscillations from near the F region peak. The Doppler oscillations were in phase at two dierent altitudes, and their amplitude increased in proportion to the radio sounding frequency. The same results were obtained for the O-and X-mode radio signals. A surprising ®nding was a constant phase dierence between the pulsations in the ionosphere and on the ground for all frequencies below the local ®eld line resonance frequency, independent of season or local time. These observations have been compared with theoretical predictions of the amplitude and phase of ionospheric Doppler oscillations driven by downgoing AlfveÂ n mode waves. Our results agree with these predictions at or very near the ®eld line resonance frequency but not at other frequencies. We conclude that the majority of the observations, which are for pulsations below the resonant frequency, are associated with downgoing fast mode waves, and models of the wave-ionosphere interaction need to be modi®ed accordingly.
Introduction
Geomagnetic pulsations are observed at the Earth's surface because magnetospheric hydromagnetic (hm) waves propagate down through the ionospheric plasma. It is well known that the ionosphere acts to modify characteristics of these downgoing waves. Eects that have been theoretically predicted and observed include rotation of the wave's polarization ellipse, and damping and ®ltering of the signal (e.g. Hughes and Southwood, 1976; Newton et al., 1978; Andrews et al., 1979; Saka et al., 1980; Glassmeier, 1984; Kivelson and Southwood, 1988; Kitamura, 1988, 1993) .
The distribution of plasma within the ionosphere can also be modi®ed by downgoing hm waves. This is demonstrated in experiments that monitor the Doppler shift of ionospherically re¯ected HF CW radio transmissions. Oscillations in the Doppler shift may be observed in correspondence with magnetic ®eld perturbations (e.g. Chan et al., 1962; Davies and Baker, 1966) . Several studies have also demonstrated a correlation between ionospheric Doppler oscillations and geomagnetic pulsations, including Pc 3-4 (7 < f < 100 mHz) pulsations (Menk et al., 1983; Jarvis and Gough, 1988; Tedd et al., 1989; Menk, 1992) ; Pi 2 (7 < f < 22 mHz) pulsations (Lewis, 1967; Klostermeyer and RoÈ ttger, 1976; Watermann, 1987; Grant and Cole, 1992; Menk, 1992; Liu et al., 1991) ; and Pc 1 (0.1 < f < 5 Hz) pulsations (Aslin et al., 1991) . Auroral radar observations of Pc 5 hm waves in the ionosphere are also well documented (e.g. Harang, 1939; Walker et al., 1979; Waldock et al., 1983) .
The ®rst attempts to model the coupling of geomagnetic ®eld¯uctuations to the ionospheric plasma were by Rishbeth and Garriott (1964) and Jacobs and Watanabe (1966) . Poole et al. (1988) showed that for downgoing transverse AlfveÂ n mode waves three mechanisms contribute to the ionospheric Doppler oscillation. Sutclie and Poole (1989, 1990 ) thus modelled the amplitude and phase of Doppler oscillations in vertical incidence ionospheric records in the presence of ULF ®eld line resonances; see also the review by Sutclie (1994) .
At present, comparisons of these model predictions with observations remain inconclusive (e.g. Tedd et al., 1989; Al'perovich et al., 1991; Grant and Cole, 1992; Menk, 1992) . This is mainly because of the diculty in obtaining a statistically signi®cant data set with sucient resolution to investigate the amplitude and phase of Pc 3-4 pulsations simultaneously on the ground and in the ionosphere.
This work reports results of a study of ionospheric Doppler oscillations, recorded mostly in the F-region, which were correlated with Pc 3-4 and Pi 2 magnetic pulsations measured on the ground beneath the ionospheric re¯ection point. The study was in two parts. First, we used six months of data to investigate how local time, season and magnetic activity aect the waveionosphere coupling mechanism. Then we examined the spectral and cross-phase characteristics of individual events to evaluate the relationship between the amplitude and phase of the signal in the ionosphere and on the ground over a range of pulsation frequencies. A surprising result was that for pulsation signals away from the local ®eld line resonance (FLR) frequency the phase of the ionospheric Doppler oscillations was found to consistently lead the pulsations on the ground by 30± 40°, independent of local time, season or magnetoionic mode. The results suggest that these Doppler oscillations may be driven by the electric ®eld of the downgoing fast mode wave.
The experiment

Overview
The data presented were recorded during two six-month campaigns at a low-latitude site, near Newcastle, Australia (L = 1.83; geomagnetic A42.3°, 228.1°; LT = UT + 10). Ionospheric Doppler oscillations observed at near-vertical incidence at two F-region altitudes were compared with day-time Pc 3-4 and nighttime Pi 2 magnetic pulsations recorded simultaneously on the ground. Station locations are shown in Fig. 1 . The ground-ionosphere correlation coecients, amplitudes and phases were determined for all the joint data, with a time resolution of order 50 ms. O-and X-mode signal characteristics were also investigated. The experiment was described in detail by Menk et al. (1995) and is brie¯y outlined here.
Instrumentation
Ionospheric oscillations were measured using the HF CW Doppler technique described by Watts and Davies (1960) and Davies et al. (1962) . Two HF transmitters, phase-locked to high stability oscillators, transmitted 100 W CW signals at frequencies of 3.9465 MHz (hereafter referred to as``4 MHz'') and 7.893 MHz (hereafter``8 MHz''). These were coupled via a coaxial bicoupler into a single trapped dipole antenna. The use of harmonically related frequencies considerably simpli®ed design of the transmit and receive antennas.
The Doppler receivers were located about 40 km from the transmitters and used identical frequency standards. The Doppler shift in frequency of the received signals (denoted DF 4 and DF 8 respectively) was monitored using frequency-to-voltage conversion of each receiver output. Filters were used to restrict receiver bandwidth to 270 Hz and frequency response of the Doppler system to 2±300 mHz. This is optimal for studies of Pc 3-4 and Pi 2 signals in the ionosphere.
Orthogonal crossed dipole antennas and coaxial delay lines were used at the receivers to discriminate the ordinary (O) and extraordinary (X) magnetoionic modes. All data were digitized and recorded with a PC based data logger at a sample rate of 2.00 s. Timing was referenced to a standard time source, providing timing accuracy of 20±50 ms.
The entire HF transmitter-receiver system was carefully calibrated for frequency and phase response. Sensitivity of the system was such that Doppler shifts <0.005 Hz (normalized to a frequency of 1.00 MHz) could be resolved. The direction of geomagnetic north is represented by M.N. The magnetometer at Kulnura was used for cross-phase determinations of the ®eld line resonance frequency during the second campaign Geomagnetic pulsations were recorded on the ground at Newcastle beneath the ionospheric re¯ection point using a two-component induction magnetometer. This comprised two sensor coils of 2´10 5 turns connected to chopper-stabilized preampli®ers, ®lters and main ampli®ers. The sensors were aligned to geomagnetic north-south (NS) and east-west (EW), i.e. measuring DH and DD respectively. Magnetic feedback via secondary windings on the sensor coils provided compensation of spectral response over the 3±300 mHz frequency range. Frequency and phase response of the magnetometer was essentially identical to that of the Doppler system. The minimum detectable magnetic signal above the noise background was typically around 0.02 nT. This magnetometer is similar to instruments used by Waters et al. (1991 Waters et al. ( , 1994 and Menk et al. (1995) . Magnetic pulsation data were recorded using an identical PC based data logger to the Doppler system. A further 10 Doppler/magnetometer systems have subsequently been assembled for studies of the spatial characteristics of ULF pulsations, which will be reported elsewhere.
Data campaigns and analysis
Data recording campaigns were conducted over June± December 1991 and December 1992±July 1993. The experimental con®guration described relates to the ®rst campaign, when predominantly O-mode signals were recorded. Most of the observations presented here are from this ®rst campaign. The second campaign used the 5.00 MHz transmitter at VNG (see Fig. 1 ) and the receivers at Clarencetown speci®cally to compare the Oand X-mode signals. A second magnetometer was also operated during this campaign at Kulnura, beneath the VNG-Newcastle mid-point, and helped identify the FLR frequency using cross-phase measurements (Waters et al., 1991) .
Visual inspection of all the raw Doppler and magnetometer time series allowed selection of times with similar activity. From the ®rst campaign, these were sorted into 306, 17-min intervals exhibiting simultaneous Doppler and magnetic oscillations between 0600 LT and 1700 LT. A further 39, 8.5-min intervals were obtained between 2000 LT and 0400 LT from this campaign. Next, the magnetometer-Doppler sounder cross-correlation coecient, c, was computed for all these intervals, and 281 were found to have c ! 0.4. General properties for these events, including the dependence on magnetic activity, local time and season, are outlined in Sect. 3.
The criterion c ! 0.6 was then used to select events for detailed analysis. In general most power in the magnetic pulsation spectrum at these latitudes occurs at low frequencies (f < 40 mHz), and FLRs are at frequencies in the range 30 < f < 60 mHz (Waters et al., 1991) . Therefore two passes were taken through the data set. In the ®rst pass the time series were not ®ltered and thus lower frequency events were selected, while for the second pass data were high pass ®ltered at 30 mHz. The cross-phase was computed using a 256 point FFT for day-time events (types (a) and (b)), giving a frequency resolution of 2 mHz, or a 128 point FFT for night-time events (4 mHz resolution).
3 General properties
Ionospheric irregularities
The HF Doppler records displayed a wide variety of quasi-sinusoidal features over the Pc 3-4 range. Internal gravity waves, infrasonic acoustic waves and other travelling ionospheric disturbances cause multiple reections of radio signals, resulting in ray interference and beating eects in Doppler records (e.g. Georges, 1967; Hooke, 1968; Davies and Jones, 1973) . These are very common features and are not related to ULF magnetic pulsations. Their identi®cation was discussed by Georges (1967) , Menk (1992) and Menk et al. (1995) , where examples were also presented.
Geomagnetic pulsations
During June±December 1991 over 340 intervals with simultaneous magnetic and ionospheric oscillations were recorded. Figure 2 shows un®ltered time series for a typical interval on 14 September, 1991. Short period oscillations are evident simultaneously in the ground magnetometer (NS and EW) and F-layer Doppler records (4 MHz and 8 MHz). They are in phase or nearly in phase on each trace. Oscillations such as these could persist for some hours.
Joint magnetic and ionospheric oscillations were observed over K p values ranging from 1 to 9, although relative occurrence rates increased with increasing K p . Simultaneous magnetic and ionospheric pulsations are obviously common phenomena. Ground-ionosphere correlation coecients up to 0.9 were obtained under all magnetic conditions. Normalized Doppler shifts were in the range 0.01 (DF/DH) 0.4 Hz/nT. For daytime signals these correspond to vertical motions of the re¯ection point of a few meters to a few tens of meters, assuming no change in refractive index over the ray path. For Pi 2 events equivalent vertical displacements are up to 1±2 km.
A clear seasonal pattern was observed in the onset time and duration of correlated events. Figure 3 shows that most of the 4 MHz events occurred just after sunrise, and earlier in October/November (spring/summer months) than in June/July (winter months). The corresponding plots for 8 MHz (not presented) show that higher in the F-region events occurred later in the day and had longer duration. The Doppler oscillations are therefore most likely to be observed when they occur at or just below the F-layer critical frequency. This agrees with previous studies that found that irregularities near the re¯ection height have the greatest eect on phase path changes (Fooks, 1962; Georges, 1967; Robinson and Dyson, 1975 ).
Case studies
To illustrate how the occurrence of ionospheric Doppler oscillations is aected by local time, season and magnetic activity, two days for which ionospheric and magnetic conditions were markedly dierent are presented in detail. The ionospheric data were scaled from original ionograms recorded at two sites near Canberra (denoted C in the plots) and Camden, near Sydney (denoted S), respectively located approximately 350 km and 170 km south of the Doppler sounder and magnetometer at Newcastle (see Fig. 1 ). The separation between these ionospheric observatories and the Doppler sounder near Newcastle means that in the following plots echoes in the Doppler records sometimes appear to come from a frequency slightly above the critical frequency. All E-and F1-region values are from the Canberra observatory.
The ®rst day considered is 18 June, 1991, when K p ranged from 3+ to 7+. Figure 4 shows the variation in E-and F-layer critical frequencies, ground-ionosphere correlation coecients over the Pc 3-4 range, and ground-level pulsation activity, for the NS magnetometer component. The highest correlation coecients generally occurred when the Doppler oscillations came from near the peak of the sporadic-E, F1-or F2-layers, even if relatively large amplitude magnetic pulsations were present at other times. Correlation coecients for the EW magnetometer component (not shown here) were slightly higher but with the same trend.
On the second day, 20 October 1991, K p ranged from 2 to 3+. Figure 5 presents the corresponding plots of critical frequencies, correlation coecients and pulsation amplitude in the same format as Fig. 4 . This was a day of very little pulsation activity, and F-layer critical frequencies were also signi®cantly lower than in the previous example. However, higher ground-ionosphere correlation coecients were sometimes obtained. This seems to be connected with the radio sounding frequency being close to f o F2 or f o E s for extended periods. For example, near 0600 LT f o F2 (C) is near 6 MHz, f o F2 (S) is near 7 MHz, and so we infer f o F2 at Newcastle is near 8 MHz. At this time a peak occurs in the 8 MHz (actually 7.9 MHz) ionosphere-ground correlation coecient. There is also a peak in the 4 MHz correlation coecients that may be related to the appearance of sporadic-E with f o E s ! 4 MHz. Correlations were again slightly higher for the EW magnetometer component, not shown here.
Analytical results
This section presents detailed analysis of the correlated events selected as described in Sect. 2.3. Of particular Fig. 4 . Relationship between correlated ionospheric and magnetic oscillations and ionospheric parameters on 18 June 1991. Top panel shows E-and F-region critical frequencies at Canberra (C ) and Sydney (S); middle two panels illustrate the variation in the groundionosphere correlation coecients for the NS magnetic component and 4 and 8 MHz sounding frequencies; and bottom panel depicts the variation in pulsation activity in the NS component during this day. Horizontal lines indicate the two radio sounding frequencies and vertical lines show when f 0 F2 reached these frequencies. K p on this day ranged from 3+ to 7+ interest are the phase and the amplitude ratio between the geomagnetic pulsations on the ground and the Doppler oscillations in the ionosphere, and their dependence on pulsation frequency and altitude. These parameters are important for comparison with models of the coupling between ULF waves and the ionosphere, presented in Sect. 5.3.
Pc 3-4 events (2±40 mHz; 0600±1700 LT)
These magnetic pulsations are often irregular in appearance with duration from a single cycle to over an hour. They are very common at low latitudes, providing a major contribution to the pulsation spectrum. The larger oscillations evident in Fig. 2 between 0620 and 0627 LT and after 0635 LT are of this type. These would usually be denoted Pc 3-5 pulsations, although their appearance is not always of the classical, sinusoidal type.
First we consider the phase between the 4 and 8 MHz Doppler oscillations, Du 4,8 , corresponding typically to re¯ections from low and high in the F-layer. Figure 6 shows this phase dierence as a function of pulsation frequency. Points with error bars denote the average of several observations, and only events with c > 0.6 are shown. The cross-phase values fall within 15°of zero phase dierence. The experimental error associated with the matching of the phase responses of the Doppler systems is <10°for frequencies !10 mHz. At lower frequencies the instrumental mismatch becomes larger. It is clear that the Doppler oscillations were essentially in phase at dierent F-region altitudes. Hereafter, the 4 and 8 MHz Pc 3-4 event Doppler data have been combined for phase comparisons with the magnetometer data.
Next we examine the ground-ionosphere cross-phase, Du EW , for these signals. The variation in cross-phase with pulsation frequency for the 57 Pc 3-4 events is represented by the shaded squares in Fig. 7 . Uncertainties are smaller than the symbols. A remarkably clear trend is evident. The regression line describing this relationship is Du EW = 0.10fA36.8°, with a mean standard deviation of 27°. A similar result was obtained for the Doppler and NS magnetometer signals, Du NS , Another important parameter is the magnitude of the Doppler shift, DF, and its variation with altitude and magnetic pulsation frequency. The normalized Doppler oscillation amplitudes, DF/DH and DF/DD, and the 8/ 4 MHz Doppler shift ratios, DF 8 /DF 4 , were therefore evaluated for all events. It was found that for Pc 3-4 events the Doppler shift increases in proportion to the sounding frequency F (actually, DF 8 /DF 4 = 2.07A0.003f, where f is the pulsation frequency in mHz). This indicates that the dependencies of DF 8 and DF 4 on f are the same. Davies et al. (1962) equated proportionality between DF and f with predominantly vertical oscillation of the bulk ionospheric plasma; however the same form of dependence is obtained for the V 1 , V 2 and V 3 models of Poole et al. (1988) .
It was also found that, to a high degree of statistical signi®cance, the Doppler oscillation amplitude increased directly with pulsation frequency when normalized with respect to either the NS or EW magnetometer component; i.e. DF/DH $ DF/DD G f, for 2 f 40 mHz.
Regular Pc 3 (30±60 mHz; local day-time)
These signals have the continuous, monochromatic, sinusoidal appearance of regular Pc 3 pulsations and include ®eld line resonances or quasi-resonances (Ziesolleck et al., 1993; Menk et al., 1994) . The amplitude and structure of the NS and EW magnetometer components are often dierent, and the interstation phase and polarization properties are consistent with phase reversal at the resonance latitude. Examination of cross-phase spectra from the Newcastle-Kulnura magnetometer pair for selected days during the second recording campaign con®rmed that the signals we are discussing here are at resonance or near resonance (see Waters et al., 1991 , for examples of cross-phase magnetometer signatures of FLRs).
To examine the ground-ionosphere amplitude and phase properties for these pulsations the same analysis procedure was used as for the Pc 3-4 events. A typical interval of regular Pc 3 activity, from 0655±0713 LT on 1 September, 1991, is illustrated in Fig. 8 . The horizontal dashed line in the middle panel denotes a threshold level below which signals were considered unreliable and excluded from further analysis. Acceptable phase values are indicated by arrows in the bottom panel. Altogether 49 separate regular Pc 3 intervals were examined in this way.
First we consider the phase relationships for these intervals. Within experimental uncertainty, the Doppler oscillations were in phase at both 4 and 8 MHz, Du 4,8 $ 0°, as for the Pc 3-4 events. The groundionosphere cross-phase, Du EW , as a function of pulsation frequency, f, is depicted by the ®lled circles in Fig. 7 . The ionospheric oscillations appear to lead the magnetic oscillations by $30±60°. The regression line is described by Du EW = A0.22fA46.2°, with a mean standard deviation of 22°. The signi®cance of the points !44 mHz which do not obey this trend is discussed in Sect. 5.4. A similar result was also obtained for the NS magnetometer component, Du NS , although the spread in cross-phase values was greater.
Whereas for Pc 3-4 events the Doppler oscillation amplitude increased in direct proportion to the pulsation frequency, DF/DH $ DF/DD G f, this trend was only present for regular Pc 3 pulsations for the EW component, i.e. DF/DD G f. Doppler amplitudes normalized with respect to the NS component decreased with increasing pulsation frequency for regular Pc 3 events; i.e. DF/DH G 1/f. The statistical signi®cance of this trend was >0.99. These results may indicate that the NS magnetic component undergoes a dierent coupling mechanism with the ionospheric plasma than the EW component, or may result from the diering ®eld geometry with respect to vertical in these two directions.
Irregular night-time events (Pi 2, Pc 4; 2000± 0400 LT)
The same analysis method was used for the 34 Pi 2/ irregular Pc 4 events recorded in the midnight sector during June±December 1991. Similar results were obtained as for day-time Pc 3-4 events: Du EW $ 30±45°; DF 2 /DF 1 $ 1.7; and DF/DH $ DF/DD G f, although the result for the EW component exhibited more scatter.
O-and X-mode analysis
The purpose of the second six month recording campaign was to systematically examine Doppler pulsations on the separated magnetoionic (O and X) modes. This type of experiment is hindered by the typically 20±30 dB lower amplitude of the X-mode signal compared to the O-mode. Therefore this O-and X-mode study was conducted only at a frequency of 5.000 MHz using the more powerful VNG transmitter (Fig. 1) . Detailed analysis (correlation coecients, phase dierences and amplitude variations) was performed for a total of 21 joint O-and X-mode pulsation events, of which 9 Pc 3-4 events and 5 Pi 2 events exhibited ground-ionosphere correlation coecients c > 0.6.
A typical day-time Pc 3-4 event recorded in both Oand X-modes is shown in Fig. 9 . Whilst the X-mode signal was noisier, because of the lower signal level, the O-and X-mode traces are clearly of similar amplitude and phase.
A general result for all the events examined is that the O-and X-mode Doppler oscillations had similar phase and amplitude at all local times. This was con®rmed using cross-phase and amplitude comparisons as described earlier. The phase dierence between the O-and X-mode Doppler oscillations is shown in Fig. 10 . A second independent method, peak-to-peak comparison, was also used to evaluate the signal phase. Both methods showed that there was little phase dierence between the two modes, with the O-mode signal possibly lagging the X-mode signal by 8±10°. The largest dierences occurred at very low frequencies ( 5 mHz), where instrumental phase dierences become signi®cant. The same ground-ionosphere phase dierence of $45°w
as also observed for both magnetoionic modes.
Summary and discussion
Summary
This study has provided new results on pulsation-driven ionospheric Doppler oscillations that may be compared 1. Simultaneous Doppler oscillations and magnetic pulsations exhibit highest correlation coecients when the radio waves are re¯ected from near the critical frequency in the F-layer. High correlation values may also occur for re¯ection from a sporadic-E layer.
2. Ground-ionosphere correlation coecients are slightly higher when evaluated using the magnetometer D component than for the H component.
3. Correlated events may be observed at all local times (although depending on the sounding frequency they occur most often soon after sunrise) and all seasons, with similar amplitude and phase properties.
4. Doppler oscillations are in phase, or nearly in phase, at two dierent F-layer altitudes, for Pc 3-4 and Pi 2 pulsations.
5. The phase between the H or D magnetometer components and the Doppler oscillations is constant for all pulsations with frequency between 2 and about 44 mHz, with the ionospheric pulsations leading by 30± 40°. At higher frequencies the phase dierence may be much larger.
6. The ratio DF 8 /DF 4 of Doppler amplitudes is in the range 1.6±2.0 for Pc 3-4 and Pi 2 events.
7. For Pc 3-4 pulsations, Doppler shift amplitude normalized with the magnetometer D component increases with increasing pulsation frequency over the range 2±60 mHz: DF/DD G f, 2 f 60 mHz. No trend was clear for Pi 2 events.
8. For Pc 3-4 pulsations, Doppler shift amplitude normalized with the magnetometer H component increases with pulsation frequency up to 30 mHz: DF/DH G f, 2 f 30 mHz, but above this (i.e. approaching and near the resonant frequency), normalized Doppler shift amplitudes decrease: DF/DH G 1/f, 30 f 60 mHz. For Pi 2 events the rate of increase is an order of magnitude greater.
9. Phase and amplitude of the Doppler oscillations is generally independent of magnetoionic mode. However, the O-mode signals lag the X-mode signals by 8±10°.
Models of hm wave eects in the ionosphere
A number of modelling approaches have been used to investigate how downgoing hm waves may generate ionospheric oscillations (see review by Sutclie, 1994) . Rishbeth and Garriott (1964) considered changes in the phase path of a radio signal due to vertical motions of the ionosphere. It was assumed these were driven by thè`m otor'' comprising an alternating E-region electric ®eld and associated E´B plasma motion. A second mechanism proposed by them considered the sinusoidal displacement of geomagnetic ®eld lines by propagating AlfveÂ n waves, associating the normalized velocity of motion of the lines of force, v/b, with the AlfveÂ n wave dispersion relation. Jacobs and Watanabe (1966) considered the radio wave phase path changes to be due to changes in the refractive index of the ionosphere. These in turn were related to the vertical variation in electron density and drift velocity, driven by time variations in the northsouth magnetic ®eld or in the ionospheric electric current system. These early models involved several limiting assumptions and did not account for of the eect of the atmosphere and ionosphere on the incident hm wave (Hughes and Southwood, 1976; Glassmeier, 1984) . This was addressed by Poole et al. (1988) and Sutclie and Poole (1989) , who suggested the Doppler oscillations arise from the combination of four individual mechanisms. Brie¯y, these mechanisms account for contributions due to: (1) changes in the refractive index arising from its dependence on magnetic ®eld intensity, requiring no bodily movement of electrons; (2) vertical motion of the electron gas under the in¯uence of the eastward directed wave electric ®eld; (3) currents associated with the magnetic pulsation ®eld, compression and rarefaction of the plasma by the magnetic ®eld, and electron motion due to the magnetic ®eld gradient; and (4) production and loss of ionization. Poole et al. (1988) called these the V 1 , V 2 , V 3 and V 4 mechanisms respectively, following the radar convention describing the Doppler shift of a returning echo in terms of target velocity. This should not be taken to imply that the Doppler oscillations are due solely to motions of the re¯ection point. The production and loss mechanism (V 4 ) may be ignored at the time scales and latitudes of interest here. This may not be the case at auroral or polar latitudes (Wright et al., 1997) .
Numerical evaluation of these mechanisms involves numerous parameters. These include the radio sounding frequency, the electron concentration pro®le (and hence solar cycle, season and local time), the magnetoionic mode, magnetic dip angle, pulsation scale size, and pulsation frequency. Sutclie and Poole (1989, 1990) computed the amplitude and phase of the resultant Doppler oscillation, V*, for a standard parameter set and then varied selected parameters one at a time. They assumed downgoing transverse AlfveÂ n mode waves and evaluated the direct, Pedersen and Hall conductivities and electron mobility for a given (model) electron concentration pro®le, then calculated the pulsation electric and magnetic ®eld pro®les through the ionosphere for the incident wave following the method of Hughes and Southwood (1976) . Sutclie and Poole (1989, 1990) thus modelled the amplitude and phase of Doppler oscillations in vertical incidence ionospheric records in the presence of ULF ®eld line resonances, although the expressions themselves should have much wider applicability if evaluated for the appropriate wave mode.
Comparison of observations with model predictions
To facilitate comparison of our observations with the Sutclie and Poole (1989, 1990 ) model predictions, Doppler velocity amplitude and phase pro®les were constructed from those of our experimental results which best match the standard parameter set used in their model computations. These parameters are listed in Table 1 . Model parameters such as dip angle, time, season and solar cycle match our experimental conditions fairly well. We considered pulsations in two categories:
(a) Regular day-time Pc 3 events near the local resonant frequency, i.e. $50 mHz at noon . The observed Doppler velocities for events in the 40± 50 mHz range were adjusted to give equivalent amplitude and phase values at exactly 50 mHz. (b) Day-time Pc 4 events with frequency $15 mHz. These were also adjusted to give equivalent values at exactly 15 mHz.
The results are summarized in Fig. 11 , which shows the variation with altitude of our observed Doppler velocities and phases compared to the Sutclie and Poole (1990) model predictions. The ordinate axes depict sounding frequency normalized by Canberra f 0 F2 values, thus representing crude estimates of the re¯ection height relative to the F2-layer peak. These values may exceed unity because at the times correlated oscillations were observed, critical frequencies at Newcastle were often higher than at Canberra, 350 km further south. Figure 11a shows that for near-resonance frequencies (50 mHz), the magnitude of the Doppler velocity in the F-region compares well with model predictions of the magnitude of V*. However, the manner in which the observed Doppler velocity varies with altitude seems to fall somewhere between predictions for the V 2 and V 3 mechanisms. For the day-time Pc 4 (15 mHz) events, well below the resonant frequency, the Doppler amplitudes shown in Fig. 11a are signi®cantly larger than the model predictions (which are for 50 mHz) and do not follow a clear trend with altitude. Figure 8 of Sutclie and Poole (1990) shows that Doppler velocity is expected to increase with increasing pulsation frequency above $20 mHz, although by not as much as we have observed.
The variation in Doppler velocity phase with altitude is presented in Fig. 11b , in the same format as for Fig. 11a . The principal feature is the nearly constant ground-ionosphere phase for the observations at both 50 and 15 mHz, which does not agree with the overall model predictions, V*. The observations appear to best approximate predictions for the V 2 mechanism.
In a similar manner we have also compared the observed variation in Doppler velocity and phase with pulsation frequency, with the Sutclie and Poole (1990) model predictions. These are shown in Fig. 12. As before, the model predictions apply to the speci®c parameter set described in Table 1 , whereas the observations likely encompass a wider variety of conditions. In particular, the models are very sensitive to northsouth pulsation scale length. This is highly variable from one pulsation event to another, but we expect is typically of order 200±250 km at resonance . Sutclie and Poole's (1990) predictions show that Doppler amplitude will be an order of magnitude greater for L x = 200 km compared to L x = 500 km, and this may at least partly explain result (3).
From Fig. 12b it is again evident that the observed phase between the Doppler velocity oscillations and the magnetic pulsations was nearly constant at frequencies <44 mHz and for both magnetometer components.
There are some points !44 mHz for which this does not apply. It was also apparent in Figs. 7 and 11 that some points !44 mHz dier from the general trends. This is discussed next. Sutclie and Poole (1990) demonstrated how their model predictions are aected by variations in key parameters, in particular the pulsation frequency, the pulsation NS scale size L x and its sign (i.e. propagation equatorward or poleward). However, the most serious limitation is the assumption that the incident hm waves are purely transverse AlfveÂ n mode. While this may be the case for pure FLRs, there is accumulating evidence that low-and mid-latitude magnetometer records contain signi®cant spectral contributions due to cavity mode resonances, fast mode propagating waves, and coupled wave modes (e.g. Yumoto, 1985; Kivelson and Table 1 Southwood, 1986; Samson et al., 1995) . In fact, the nonlocalized compressional or fast mode and the localized toroidal or shear AlfveÂ n mode always couple in a nonuniform plasma if any wave disturbances are not fully axisymmetric.
Observed wave modes and model limitations
Recently, Zhang and Cole (1994) computed the electromagnetic wave amplitude and phase pro®les below 500 km altitude for the general case including upgoing and downgoing AlfveÂ n and fast mode waves. A more detailed report includes plots of all these altitude pro®les (Fast and AlfveÂ n modes of ULF electromagnetic waves in a strati®ed ionosphere by the method of boundary value problem, D. Y. Zhang and K. D. Cole, La Trobe University, Victoria, Australia, 1991). The equatorial case was considered in Zhang and Cole (1995) . The fast mode wave pro®les in both the highand low-latitude cases are signi®cantly dierent than for transverse AlfveÂ n waves. As the model expressions for V 1 , V 2 and V 3 each contain one or more of the wave ®eld E and b components, both the magnitude and shape of the predicted Doppler velocity pro®les will be dierent for the two modes.
It is generally acknowledged that the amplitude and frequency of low-latitude Pc 3-4 magnetic pulsations are controlled by parameters of the solar wind and IMF, and this is regarded as evidence that ULF wave energy propagates to low altitudes in the fast mode (e.g. Yumoto, 1985; Odera, 1986) . Field line resonances occur when the frequency of the incoming waves matches the local ®eld line eigenfrequency, and are excited almost continuously during local day-time (Waters et al., 1991) . In ground data, FLRs are characterized by a peak in amplitude and a change in phase of the NS magnetometer component across the resonance latitude (Orr, 1984) . Away from the resonance latitude the signals resemble fast mode waves in most respects, Sutclie and Poole (1990) model predictions; symbols as in Fig. 11 with large horizontal scale sizes (Kivelson and Southwood, 1986; Zhang and Cole, 1994) . East-west scale sizes relate to the azimuthal wave number, m, which for resonances at L = 1.8 are m 10, i.e. $10 4 km (Ansari and Fraser, 1986) .
North-south scale sizes have been measured by a number of methods, and at resonance are typically of order 200±250 km (Walker et al., 1979; Ziesolleck et al., 1993; Menk et al., 1994; Waters et al., 1994) , depending on the resonance Q. Wright et al. (1998) presented a study examining a Pc 5 ($4 mHz frequency) event recorded at high latitudes with a magnetometers, an HF Doppler sounder and the EISCAT UHF radar. The resonance exhibited a north-south scale size of order 500 km but the AlfveÂ nic region of the pulsation extended some distance ($8°) away from resonance. Wright et al. (1998) concluded the Doppler oscillations were consistent with E´B eects caused by the electric ®eld perturbation of the ULF wave.
At least some of the 50 mHz events plotted in Fig. 11 correspond to the points near 50 mHz in Figs. 7 and 12 which fall outside the general trends. Since these events are at or near the resonant frequency we expect the model predictions to be realistic. Moving away from the resonant frequency the downgoing wave will become a mixture of AlfveÂ n and fast modes. Most of the regular Pc 3 (30±60 mHz, local day-time) signals discussed in Sect. 4.2 are expected to fall into this category. In terms of the models, the V 2 mechanism (vertical ionospheric motion) seems to best ®t the observations. However this ®t is approximate and this mechanism alone does not satisfactorily predict observed amplitudes and phases across a range of pulsation frequencies. The observation that Doppler shift amplitudes and phases are similar for both magnetoionic modes also tends to discriminate against the V 1 (magnetic) mechanism predictions of Sutclie and Poole (1990) .
At low latitudes signi®cant pulsation power occurs well below the resonant frequency. These signals are generally in phase or nearly in phase at latitudinally spaced ground stations (Ziesolleck et al., 1993; Matsuoka et al., 1997) and are probably due to forced ®eld line oscillations (Orr, 1984) driven by incoming global or fast mode waves. The Pc 3-4 events (2±40 mHz) discussed in Sect. 4.1 are most likely of this type. A surprising and very consistent result for these is the simple phase relationship between the Doppler oscillations and the magnetic pulsations, particularly evident in Fig. 12b . This relationship is independent of season, local time, altitude, and wave frequency. This is another reason why the model predictions, including that for the V 2 mechanism, are not appropriate. Rather, it is necessary to invoke a model that incorporates both downgoing fast and AlfveÂ n mode waves, varying the mixture and scale size of these with proximity to the resonant frequency. For pulsations well below the resonant frequency the wave properties are most probably dominated by the fast mode. In that case the majority of the observed Doppler shifts are likely driven by the electric ®eld of the downgoing fast mode wave. Such modelling has now been achieved in a related study and will be described in detail in a future paper. For signals exactly at resonance the Sutclie and Poole (1990) models are expected to satisfactorily explain the signal properties.
Recent experimental and theoretical studies of lowlatitude Pi 2 pulsations (Sutclie and Yumoto, 1989; Allan et al., 1996) have concluded that these are most likely due to forced ®eld line oscillations driven by global cavity modes in the nightside. Accordingly, these signals also exhibit very large scale sizes, low azimuthal wave numbers, and latitude-independent frequency. Thus, their Doppler shift signatures are expected to be similar to those for Pc 3-4 events well below the resonant frequency.
The ®nal point concerns the possible small phase dierence between the O-and X-mode Doppler oscillations. The O-and X-mode radio waves propagate along dierent paths in the ionosphere, and therefore their re¯ection points are slightly separated. The O-mode ray will be re¯ected at a higher latitude than the X-mode, and for resonances this will result in the X-mode signal leading the O-mode (Wright et al., 1997) . However, since our O-and X-mode results are mostly for signals below the resonant frequency, it is not clear how this mechanism can account for the observed small phase dierence.
